The biological activity of 9-fl-Darabinofuranosyladenine (ara-A) has been investigated in cell culture, laboratory animals, and humans. The drug possesses antiproliferative activity against cells in culture, some activity against transplantable animal tumors, and broad-spectrum activity against deoxyribonucleic acid (DNA) viruses (4, 15, 21, 26) . These biological effects have been attributed to a conversion of ara-A to the corresponding 5'-triphosphate (ara-ATP) (1, 11, 16) , which inhibits DNA synthesis either by incorporation into DNA (29) or by inhibition of DNA polymerase (EC 2.7.7.7) (9, 31), or ribonucleotide reductase (17, 31) .
In contrast to the phosphorylation of ara-A which yields the metabolically active form of the drug, its metabolism by adenosine deaminase (EC 3.5.4.4) to 9-f3-D-arabinofuranosylhypoxanthine (ara-Hx) (vide ref. 4, 15, 26) results in a drug less active than the parent compound (21) . Consequently, inhibitors of adenosine deaminase have been sought to potentiate the carcinostatic action of ara-A in animal tumors (3, 13, 15) and in cultured cells (L. Tritsch, G. B. Cheda, S. P. D. Ha, and C. I. Hong, Proc. Amer. Ass. Cancer Res., Abstr. no.
249, 1973).
Mode-of-action studies in cell culture also are complicated by the deamination of ara-A. Tis- sue culture media ordinarily are supplemented with serum to provide factors necessary for cellular growth (27) . Some serum components may not be essential for growth, but their presence can influence the exogenous environment of the cell. Adenosine deaminase is present in calf serum (5, 12) as such a component. As a result of its presence, ara-A deamination occurs in cell culture media (18; C. Shipman, Jr., J. M. Novack, and J. C. Drach, Fed. Proc. 32:699, 1973) . Consequently, the inactivation of the serum-associated deaminase should increase the biological half-life and effectiveness of the drug. We report here conditions which result in the inactivation of adenosine deaminase without significantly affecting the nutritive value of serum. filter paper were washed three times with ice-cold 5% trichloroacetic acid, twice with 95% ethanol, and once with diethyl ether. Dried filter paper squares were then immersed in 15 ml of a scintillation solution consisting of 3 g of 2-(4-tert-butylphenyl)-5-(4-biphenyl)-1, 3, 4-oxadiazole (butyl-PBD) per liter of toluene and counted for tritium and "C in a Packard Tri-Carb, model 3320, liquid scintillation spectrometer. Disintegrations per minute were determined for each isotope by using a method of external standardization.
MATERIALS AND METHODS
In vitro drug metabolism studies. Tritiated ara-A (0.45, 28.4, or 100 uM; 11, 0.176, or 0.015 Ci/mmol, respectively) alone or with ["CJadenosine (25 MuM, 50.4 mCi/mmol) was incubated at 37 C in sterile MEM(E) or MEM(H) supplemented with 10% of the serum to be studied. At specific times, samples were removed, mixed with 2 volumes of ice-cold ethanol, and stored for at least 12 h at -20 C.
After low-speed centrifugation, samples of the ethanol-containing supernatants were spotted with solutions of known reference compounds and characterized by thin-layer chromatography. Purines and nucleosides were determined as described previously (7). Separation of ara-A, ara-Hx, adenine, and hypoxanthine was accomplished on silica gel plates by using chloroform-methanol-3% acetic acid (3:2:1, vol/vol/ vol, lower phase) as the solvent. Adenosine, inosine, adenine, and hypoxanthine were chromatographed on silica gel by using chloroform-methanol-3% ammonia (3: 2: 1, vol/vol/vol, lower phase) as the solvent.
Examination of developed plates under ultraviolet light (254 nm) revealed the reference compounds which appeared as dark spots. Radioactive metabolites were detected by cutting or scraping 2-or 5-mmwide sections of the gel into counting vials, extracting with 2 ml of methanol, adding 13 ml of the butyl-PBD scintillation solution, and counting as indicated above. This procedure resulted in quantitative recovery and detection of all compounds spotted on the plates. Coincidence of labeled and reference compounds in unambiguous systems was taken as indicating identity.
The amount of radioactive label in the specific thinlayer chromatographic fraction corresponding to ara-A or adenosine was calculated as a percentage of the total radioactivity spotted. Counts associated with ara-A or adenosine were normalized with respect to corresponding counts from chromatograms run with samples removed either before incubations were begun (Fig. 1) or from incubations containing no serum ( Fig.  2 and 3 ).
RESULTS
Kinetics of ara-A metabolism. Incubation of 0.45 MM [3H]ara-A in MEM(E) supplemented with 10% calf serum resulted in the deamination of ara-A with a half-life of 7 h. Ara-Hx was the major product (>90%) formed, with minor amounts of adenine and hypoxanthine accounting for the remainder of the label. Incubation in MEM(E) alone resulted in no deamination of the substrate. The serum-associated deamination was reduced or eliminated by using media wAs increased,the activi of theOI derumi at 37 C in media supplemented with 10% calf serum 56 C was increased, the activity of the deamin-(K. C. Biological) previously heated at 56 C for ase decreased (Fig. 2) . Heating the serum for 10 selected lengths of time. Amounts of labeled subh at 56 C completely destroyed the activity of strates were determined by thin-layer chromatograthe deaminase when ara-A was used as the phy. Biological serum was destroyed compared with 58% destroyed in Flow Laboratories serum. Deaminase in newborn calf serum was inactivated at virtually the same rate as that in K. C. Biological calf serum. In each case, however, heating for 12 h at 56 C eliminated the activity. Fetal bovine serum-associated deamination of ara-A was more resistant to heating, requiring 24 h at 56 C for complete inactivation.
Influence of heat-inactivated serum on growth and DNA synthesis of KB cells. Population doubling times and DNA synthesis were measured to determine whether the nutritive value of calf serum was affected by the prolonged heating required to inactivate the deaminase. KB spinner cultures maintained in MEM(S) supplemented with 10% unheated calf serum were centrifuged and resuspended in MEM(S) containing unheated or heated calf serum. The population doubling time of cells grown in media containing 10% calf serum heat inactivated for 6 or 12 h was 30.5 or 25.7 h, respectively, compared with 34.6 h for cells grown in medium supplemented with unheated serum (Fig. 4) . In other experiments, doubling times of 25 to 35 h were noted for KB cells grown in MEM(S) supplemented with 12-h heat-inactivated calf serum.
DNA synthesis was followed in cultures of log-phase KB cells by [3H ]thymidine incorporation during 0.5-h pulses and [l4C]thymidine incorporation during continuous exposure to the labeled precursor. The data (Fig. 5) indicate that although there was a 10 to 25% reduction of labeled thymidine incorporation in cultures supplemented with 12-h heat-inactivated calf serum, incorporation kinetics were nearly the same regardless of whether unheated or 6-or 12-h heat-inactivated serum was used.
Effect of heat-inactivated serum on cloning efficiency. The relative ability of KB cells to clone in media containing heat-inactivated calf serum (K. C. Biological) was measured as an additional index of the nutritive value of the serum. Table 1 data show that media supplemented with serum heated at 56 C for 6 or 12 h supported the development of nearly the same number of clones as did media containing unheated serum. The absolute cloning efficiency was in the range of 35 to 45% in both experiments. The morphology of clones in the various media appeared to be somewhat different. In medium supplemented with 10% unheated calf serum, clones were small and dense, with cells appearing to pile up; with media containing heat-inactivated serum, clones were larger and less compact.
DISCUSSION
Serum is used as a supplement to tissue culture medium in order to provide factors required for cellular growth and metabolism (27) . In addition, serum contains components that are not necessary for cellular metabolism but which influence the exogenous environment of the cell. Adenosine deaminase occurs in calf serum as such a component (5) . We have previously reported that the presence of the calf serum enzyme in tissue culture medium was responsible for the deamination of ara-A to ara-Hx with a half-life of 14 h. (C. Shipman, Jr., J. M. Novack, and J. C. Drach, Fed. Proc. 32:699, 1973). In the present study, half-lives of 7 and 10 h were noted ( Fig. 1 and 3, respectively) . The difference between these half-lives and the 14-h half-life previously observed may reflect variations in adenosine deaminase levels in the different lots of serum used. A 14-h ara-A half-life also was observed in the current study (Fig. 2) , but probably reflects the presence of 25 ,uM adenosine as a competing substrate. The 10-and 7-h half-lives were observed in incubations with media containing the same serum lot but with different ara-A concentrations, i.e., 10-M and 4.5 x 10' M, respectively. The shorter half-life most likely was related to the very low substrate concentration. The dependence of calf serum adenosine deaminase activity on substrate concentration is more pronounced with adenosine as a substrate. Ishii and Green (12) reported recently that in tissue culture medium supplemented with 10% calf serum, 10-3 M adenosine was deaminated with a half-life of 8 h. At concentrations of 10-' and 10' M, the half-lives were 90 and 35 min, respectively.
The metabolism of adenosine by tissue culture medium supplemented with calf serum proceeds beyond deamination to inosine. Ishii and Green (12) found that hypoxanthine was the major product of adenosine metabolism, indicating the presence of purine nucleoside phosphorylase in calf serum. We also observed the formation of hypoxanthine when adenosine was incubated in media containing calf serum. In contrast, virtually no hypoxanthine was detected when ara-A was incubated under identical conditions. Thus, the metabolic pathway of ara-A in calf serum includes only the deamination to ara-Hx. A similar pathway exists in rat erythrocytes (J. C. Drach, J. S. Bus, S. K. Schultz, and J. M. Novack, Biochem. Pharmacol., in press), but the pathway in rat liver includes the subsequent glycolytic cleavage of ara-Hx to hypoxanthine and arabinose phosphate (J. C. Drach, R. G. Rentea, and M. E. Cowen, Fed. Proc. 32:777, 1973) .
Adenosine deaminase activity associated with serum can be inactivated by prolonged heating at 56 C. With ara-A as the substrate, the time required to completely eliminate the activity differed with the type of serum used. The activity of K. C. Biological calf serum and newborn calf serum was most sensitive to heating. Activity in calf serum from Flow Laborato- (Fig. 2) , longer periods at 56 C were required to eliminate the deaminase activity. At least 4 h were required before an effect was noted. Ishii and Green (12) also observed that heating calf serum for 30 min at 60 C did not affect adenosine deaminase activity. The different heat inactivation profiles of adenosine and ara-A probably reflect the fact that adenosine is a better substrate of adenosine deaminase than is ara-A (8, 30) . Interpretations from the inactivation kinetics can not be rigorous, however, because there are several forms of the enzyme in calf serum, one of which is converted to another at 60 C (5).
The thermal sensitivity of serum adenosine deaminase is not unique. Adenosine-deaminase activity in Taka-Diastase is destroyed by short periods of heating at 60 C (22) . Other serum components not essential for cellular growth have been found to be temperature sensitive. For example, DeLuca and Thomas (6) found that the activity of nicotinamide adenine dinucleotide-specific pyrimidine nucleotide dehydrogenase was reduced 20% by heating at 56 C for 60 min. The activity of reduced nicotinamide adenine dinucleotide phosphate-specific dehydrogenase was decreased by 40%. Heating calf serum at 56 C for 12 h did not destroy its nutritive value for KB cells. Cells growing in a medium containing heat-inactivated calf serum exhibited slightly decreased population doubling times (Fig. 4) . Shodell et al. (24) reported similar observations and concluded that a chick cell growth inhibitor in calf serum was gradually inactivated at 60 C. Holley and Kiernan (10) (14, 19, 24) .
Despite shorter population doubling times (Fig. 4) , the apparent rate of DNA synthesis in KB cells was lower for cells growing in media containing heat-inactivated calf serum (Fig. 5) . One would assume that a lower rate of DNA synthesis would be incompatible with a more rapid proliferation of cells. The different morphology of cells cloned in media containing heated calf serum has led us to speculate that cell membrane alterations have occtirred in cells grown in such media. These alterations also might affect the transport of labeled thymidine into the cell, resulting in a different rate of DNA labeling, not DNA synthesis.
Ara-A also may be degraded in cell culture by cellular adenosine deaminase even though heated calf serum is used. Adenosine deaminase is a rather ubiquitous enzyme which has been detected in cultured cells (4, 12) and ascites tumor cells (1, 3, 13) . In an initial survey of cell lines maintained in our laboratory, we have found that three of four lines contained a significant amount of adenosine deaminase (J. N. Sandberg, C. Shipman, Jr., and J. C. Drach, unpublished data). Thus, the combined use of heated serum and a cell line containing little adenosine deaminase is required to eliminate the degradation of ara-A in cell culture.
An alternative to using heat-inactivated calf serum might be the adaption of existing cell lines to horse serum. However, horse serum is more expensive than calf serum, and the adaption of cell lines to grow in horse serum-supplemented medium can be an arduous task. Nevertheless, we conclude that the use of heat-inactivated calf serum allows an investigator to readily eliminate the serum-associated deamination of drugs which are substrates for adenosine deaminase without adversely affecting the growth or metabolism of many cells in culture.
